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1 Introduction 
Although most of characteristics and mechanisms of 
perception are still unclear, several studies have 
reported that ultrasounds were perceived through 
bone conduction in deaf as well as normal-hearing 
subjects [1-8].  In 1991, Lenhardt et al. reported that 
profoundly deaf subjects were able to discriminate 
spoken words by bone-conducted ultrasounds [6], 
and Hosoi et al. objectively supported their 
arguments using magnetoencephalography (MEG) 
in 1998 [9].  These studies suggest that ultrasonic 
hearing aids might enable the profoundly deaf to 
detect environmental sounds and possibly even 
spoken words, without surgery. 
For the development of multi-channel ultrasonic 
hearing aids, whether or not two-channel inputs can 
be localized separately is also important.  For 
localization, interaural time differences (ITDs) and 
interaural intensity differences (IIDs) play a key-role 
[10].  Because of little ITDs, it is sometimes difficult 
to localize bone-conducted sounds. 
We had investigated the characteristics of perception 
of bone-conducted ultrasound using MEG [8, 9, 11] 
and PET [12].  In this study,  we focused on the 
discrimination capability of two-channel bone-
conducted ultrasound.  We evaluated effects of 
stimulation side (right or left) on auditory brain 
magnetic fields.  For air-conducted audible sounds, 
it has been reported that the N1m response evoked 
by ipsilateral ear stimuli is smaller in amplitude [13] 
and later in latency than that evoked by contralateral 
ear stimuli [13-15].  If two-channel ultrasounds 
presented right/left-side localized separately, the 
same phenomena as air-conducted sound should be 
observed. 
 

2 Methods 

2.1 Subjects 

Eight normal hearing volunteers (7 males, 22-52 
years, 1 left-handed) took part in this experiment.  
They had no history of hearing deficits.  During 
recordings, they sat on a chair in the magnetically 
shielded room, and requested to read self-selected 
books. 
 
2.2 Stimuli 

Following stimuli were presented.   
 
1. Bone-conducted ultrasounds amplitude-

modulated by 500, 1000, 2000, and 4000 Hz 
tone burst (100 ms duration with 10 ms linear 
rising / falling ramps): The stimuli were 
presented to the right/left mastoid 
/strenocleidomastoid by a ceramic vibrator 
(MA40E7S, Murata Co.,).  Intensity of stimuli 
was set to the most comfortable level (MCL) 
determined for each subject, which equaled 60 
dB sensation level on average.   

 
2. Air-conducted audible sounds: 500, 1000, 2000, 

and 4000 Hz tone burst (100 ms duration with 
10 ms linear rising / falling ramps): The stimuli 
were presented to the right/left ear via a plastic 
tube.  Intensity of stimuli at the end of tubes was 
60 dB HL, and equalized from 50 to 4000 Hz. 

 
For both (1) and (2) stimuli, two measurements were 
carried out with changing stimulated side. 
 

2.3 Recordings and Analyses 

Recordings of event-related magnetic fields were 
carried out in a magnetically shielded room using a 
122-channel whole-head neuromagnetometer 
(Neuromag-122

TM
; Neuromag Ltd., Finland).  The 



vertical electrooculogram (EOG) was recorded with 
infra- and supraorbital electrodes to monitor artifacts 
from eye blinks and eye movements.  The magnetic 
data were sampled at 0.5 kHz after band-pass-
filtering between 0.03 Hz and 100 Hz.  Any epoch 
coinciding with magnetic signals exceeding 3,000 
fT/cm and/or a vertical EOG deflections beyond 150 
µV were rejected from further analysis.  The 
average of more than 100 epochs were digitally 
band-pass-filtered between 0.1 and 30 Hz.  The 
average of 200 ms pre-stimulus period was served as 
the baseline. 
N1m equivalent current dipoles (ECDs) were 
estimated in the both hemispheres, for each kind of 
stimuli, at the N1m peak latencies.  N1m latencies 
and N1m ECD moments were compared between 
the ipsilateral and contralateral hemispheres.  

3 Results 
Figure 1 shows an example of averaged MEG wave 
forms evoked by (a) bone-conducted ultrasound, and 

(b) air-conducted audible sound.  Channels which 
show maximum amplitudes in the right/left temporal 
region are enlarged.  In each wave form, substantial 
N1m components were elicited at latencies of 100 - 
140 ms.  ECDs were localized in the supratemporal 
auditory cortex.  In this subject, N1m is slightly 
larger and peaks about 15 ms earlier for contralateral 
than ipsilateral stimuli, whereas the spatial locations 
of ECDs are similar. 
Figure 2 shows the effect of stimulation side on the 
amplitudes and latencies for N100m of all subjects.  
Each subject provided two data for the both 
hemispheres.  For all kinds of air-conducted stimuli, 
N1m ECD moments were significantly larger (500 
Hz: p < 0.001, 1000 Hz: p < 0.001, 2000 Hz: p < 
0.005, 4000 Hz: p < 0.01).  N1m latencies were 
shorter for contralateral than ipsilateral stimuli (500 
Hz: p < 0.01, ∆ = 8.0 ± 3.4 ms,  1000 Hz: p < 0.01, 
∆ = 7.5 ± 2.1 ms,  2000 Hz: p < 0.01, ∆ = 11.5 ± 3.9 
ms,  4000 Hz: p < 0.01, ∆ = 10.1 ± 2.5 ms,  ∆ 
indicates a difference of N1m latency between the 
both hemispheres).   

Figure 1: MEG wave forms evoked by (a) bone-conducted ultrasound, (b) air-conducted audible
sound.  (Subject S2, left mastoid/ear stimuli) 
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For bone-conducted ultrasounds, as well as air-
conducted sounds, N1m responses evoked by 
contralateral stimuli were larger in ECD moments 
(500 Hz: p < 0.005, 1000 Hz: p < 0.01, 2000 Hz: p < 
0.01, 4000 Hz: p < 0.02), and shorter in latencies  
(500 Hz: p < 0.05, ∆ = 5.1 ± 2.3 ms,  1000 Hz: p < 
0.01, ∆ = 5.9 ± 2.0 ms,  2000 Hz: p < 0.02, ∆ = 8.3 ± 
2.9 ms,  4000 Hz: p < 0.02, ∆ = 6.8 ± 3.8 ms) than 
that evoked by ipsilateral stimuli. 

4 Discussion 
Hari and Mäkäla have reported N1m evoked by the 
contralateral air-conducted stimuli was larger in 
amplitude than that evoked by ipsilateral stimuli 
[13].  In our study, ECD moments evoked by bone-
conducted ultrasounds as well as air-conducted 
audible sounds were significantly larger for 
contralateral than ipsilateral.   
It is well known that the latencies of ipsilateral N1m 
are longer than that of contralateral N1m by 

approximately 10 ms [13-15].  In our result, 
differences in latency between the both hemispheres 
is 9.3 ms for air-conducted audible sound, and 6.5 
ms for bone-conducted ultrasounds.  Although the 
interhemispheric difference of latency was 
significantly smaller ( p < 0.01) for ultrasounds than 
that of air-conducted audible sound, we observed the 
same effects for bone-conducted ultrasounds, as well 
as air-conducted audible sound. 
These result suggests two-channel bone-conducted 
ultrasounds, as well as air-conducted sound, were 
localized separately.  In addition, the finding 
provides the rationale to develop two-channel 
ultrasonic hearing aids.  
The mechanisms of perception of bone-conducted 
ultrasounds are not made clear.  Several hypotheses 
have been proposed.  One predicts ultrasounds are 
transformed into low frequency audible sounds [7], 
and others hypothesize contribution of the cochlear 
hair cells [2, 4, 5], or the vestibular hair cells [3, 6].  
Our findings don’t provide detailed answer for the 

Figure 2: The effects of the stimulation side on the ECD moments and latencies of N1m in all 8 
subjects (16 hemispheres).  The circles should be on the diagonal if the side of stimulation had no
influence on the N1m responses.  
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controversy, but suggest that bone-conducted 
ultrasounds enter the auditory conduction pathway 
at more peripheral regions than superior olivary 
nucleus.   
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